Abstract. Almost 200 species of orchid bees are the exclusive pollinators of nearly 700 specialized orchids in the neotropics. This well-known mutualism involves orchids, called perfume orchids, which produce species-specific blends of floral fragrances, and male orchid bees, which collect and use these fragrance compounds during their courtship. We report here the naturalization of an orchid bee, Euglossa viridissima, in southern Florida, USA, where perfume orchids are absent. Chemical analysis of the contents of the fragrance storage organs in the hind tibias of 59 male bees collected in Florida identified 55 fragrance compounds, including 27 known from the perfumes of nine species of E. viridissima's orchid mutualists in Mesoamerica. Aromatic leaves, such as basil, were found to be important surrogate sources of needed fragrance compounds in Florida. The bee's ability to live and become abundant in the absence of its orchid mutualists suggests that the orchid bee-perfume orchid mutualism may be facultative for the bees, even though it is obligatory for the orchids. This invasive bee visits and potentially pollinates the flowers of many plants in Florida, behavior that could promote the abundance of selected exotic and native species.
INTRODUCTION
Orchid bees (Apidae: Euglossini), native from central Mexico to northern Argentina (Roubik and Hanson 2004) , have attracted considerable attention because of the complex mutualism with the orchids that they pollinate and their beautiful iridescent coloration , Dodson 1975 , Dressler 1982 , Cameron 2004 . Perfume orchids employ specialized floral fragrances composed of unique blends of many compounds that attract particular bee species (often an array of species; Williams and Dodson 1972, Dressler 1982) , and strangely shaped flowers that manipulate the bees to effect their pollination. These orchids offer no nectar, pollen, or other food rewards to the visiting bees, which are all males. Instead, the male bees are attracted to the volatile floral fragrances, which they collect from the surfaces of the flowers with the capillary brushes of their front tarsi. Collected chemicals are stored in spongy organs within the enlarged tibia on their hind legs and then apparently used as sexual perfumes during their courtship (Roubik and Hanson 2004, Eltz et al. 2005a ) and possibly in territorial defense (Roubik and Hanson 2004) . Although often elusive (Cameron 2004) , euglossine bees are abundant and important pollinators of other plants in addition to orchids (Dressler 1982, Roubik and Hanson 2004) , especially low-density plants visited repeatedly by the widely foraging bees (Janzen 1971) .
Although perfume orchids are completely dependent on euglossine bees, observations of male orchid bees collecting chemicals from non-orchid sources in their native areas has led some researchers to question how dependent the bees are on the orchids (Dressler 1982 , Ackerman 1983 , Whitten et al. 1993 , Roubik and Ackerman 1987 . The naturalization of an orchid bee in southern Florida, USA, where no perfume orchids occur, except as rare horticultural curiosities, provides a unique opportunity to understand the orchid beeperfume orchid mutualism because these bees and orchids have not been previously separated in nature. We investigated how the bees can live without their orchid mutualists and what this independence suggests about the evolution of the mutualism.
METHODS

Bee identification and field ecology
Euglossa viridissima Friese (Hymenoptera: Apidae), which belongs to a large complex of mostly green euglossine bees, was identified using literature (Moure 1970 , Dressler 1978 , Roubik and Hanson 2004 and confirmed by R. Dressler. The abundance of E. viridissima in southern Florida, USA was determined with a eugenol chemical bait (Roubik and Hanson 2004) , and timed observations of the bees' activity. A strip of blotter paper (;5 3 15 cm) was saturated with eugenol and suspended from a tree branch 1.5 m above the ground at a Fort Lauderdale, Florida, garden site, Observations to determine plant usage were made primarily on flowers and the leaves of aromatic plants in residential gardens, urban parks, and nature preserves in Broward County, particularly where the bee was found to be abundant. The area currently occupied by the bee in southern Florida was estimated from the geographic limits established during plant usage surveys. Some plants considered to be potentially important to euglossine bees (Dressler 1982, Roubik and Hanson 2004) were added to the Fort Lauderdale garden to increase the chances of seeing interactions with plants of actual or potential importance. Clusia lanceolata, an ornamental shrub native to tropical America, was added because female euglossine bees are known to visit Clusia flowers to collect the resin to construct their brood cells (Roubik and Hanson 2004) . Two Solanum species were added because Solanum, along with Senna (Cassia) species, which were common in the areas of observation, are known to be pollen sources for female euglossine bees (Roubik and Hanson 2004) . Observations (primarily buzz pollen gathering and visitation of flowers used by non-heliconine butterflies for nectar) were supplemented by euglossine bee resource-use information reported by Roubik and Hanson (2004) to interpret what food resources (nectar, pollen, or both) were collected from the flowers. In addition, flowering orchid plants, Lycaste cochleata and Sobralia decora, congeneric with orchids pollinated by euglossine bees, were exposed to the bee for single-day periods to observe potential visitation and/or pollination. Nativity of visited plants was determined primarily with Wunderlin and Hansen (2003) and Llamas (2003) .
Collection and identification of fragrance compounds
Chemical analysis was used to identify the compounds within the tibias of 59 male E. viridissima bees, including 53 collected from a eugenol bait, 3 gathering oils from basil (Ocimum basilicum), and 3 visiting Stemmadenia littoralis flowers, all in Broward County, Florida. They were analyzed individually, except for the bees collected from basil, which were pooled into a single sample. Single tibia from each bee were removed with a scalpel and subjected to ultrasonic extraction in n-hexane (50 lL) for 5 min. Foliar compounds from fresh leaves (100 mg) of aromatic plants were microwave (750 watts, 1 min) digested in ethanol (500 mL) and extracted in an equal volume of chloroform (Wheeler et al. 2003) . Material extracted was identified by gas chromatograph/ mass spectrometer (GC/MS) using an Agilent 6890 instrument fitted with a HP (5% phenyl)-methylpolysiloxane (30 m 3 0.25 mm, 0.25 micron film thickness; Agilent, Palo Alto, California, USA) fused silica open tubular column with helium at 36 cm/sec as a carrier gas, injector port (split 1:20) at 2508C, mass selective detector (Agilent 5973) at 2508C (source) and 1508C (quad) with transfer line 2808C and ion source filament voltage of 70 eV. Component identification was made on the basis of mass spectral fragmentation, retention index with nparaffins, comparison with authentic constituents when available, and mass spectral and retention matching with commercial libraries (NIST, Wiley, and Adams). Identified compounds were compared to fragrance compounds reported to occur in the bees' orchid mutualists.
RESULTS
We first observed E. viridissima The bee is irregularly distributed within Broward and Palm Beach Counties and is commonly encountered in residential gardens and city parks. It has also invaded natural areas and is frequently seen on native beach, coastal strand, and hardwood hammock communities. The bee can be abundant: even more so than reported for its native region, where it is one of the most abundant Euglossa species (Janzen et al. 1982) . A single eugenol bait placed in a residential garden where the bee is regularly seen, attracted 52 male E. viridissima in two hours, or 26 bees/hour. The average capture rate at 18 site-date collections with eugenol baits in its native Costa Rica was 7.9 bees/hour (calculated from Janzen et al. 1982) . Continuous timed observations also indicate that E. viridissima is abundant and is foraging intensively in Florida. The bee was recorded to visit flowers within a 5 3 6 m garden plot almost half the time during the monitoring periods (43.8% and 44.5% of the two 08:00 to 12:00 morning periods in September). Seven plant species were foraged, with female bees buzz collecting pollen from Senna mexicana accounting for half the foraging time. Nectar collection from the gullet type flowers (Dressler 1982) , Ruellia brittoniana and Tecoma stans, accounted for most of the rest. E. viridissima was the most common flower visitor in the plots.
Our gas chromatograph/mass spectrometer (GC/MS) analyses of the contents of the tibia of the 59 male bees identified 55 compounds, including 27 known floral fragrance components of nine orchid species visited by E. viridissima in its native Mexico and Costa Rica (Fig. 1) . Perfume orchids visited by this bee were reported by Roubik and Hanson (2004) , and their fragrance chemistry has been elucidated by Gregg (1983) , Gerlach and Schill (1991) , Whitten and Williams (1992) , and Kaiser (1993) . Our bee tibia collections included 17 compounds reported for Lycaste aromatica and 12 for L. cruenta (Kaiser 1993) , comprising .85% of the total fragrance abundance in these species. For L. aromatica, the major floral compounds we found and their reported relative abundance (Kaiser 1993) were methyl (E )-cinnamate (45.5%), (E )-b-ocimene (36%), and eugenol (1.4%). For L. cruenta they were (E )-b-ocimene (44%), methyl (Z )-p-methoxycinnamate (18.5%), linalool (12.2%), and methyl (E )-p-methoxycinnamate (6.9%) (Kaiser 1993) . Sixteen of the recovered compounds are known floral fragrance components of Gongora armeniaca, including (E )-b-ocimene (22%), germacrene D (17.5%), caryophyllene (13.1%), and hydroquinone dimethyl ether (6.1%) (Kaiser 1993) . Recovered compounds were also major components of the floral fragrances of Cycnoches egertonianum (Gregg 1983) , Notylia barkeri (Gerlach and Schill 1991) , and two Stanhopea species, S. radiosa and S. saccata (Whitten and Williams 1992) . In contrast to our recovery of many compounds reported from the bees' mutualist orchids, which produce chemically diverse perfumes, we did not recover compounds reported from the mutualist orchids that produce only one or a few compounds; e.g., S. tigrina (Whitten and Williams 1992) , Houlletia tigrina, and Coeliopsis hyacinthosma (Gerlach and Schill 1991) . Major orchid compounds, such as a-pinene, myrcene, 1,8-cineole, (Z )-b-ocimene, linalool, b-caryophyllene, germacrene D, methyl (Z )-p-methoxycinnamate, and methyl (E )-pmethoxycinnamate, were found in .20% of the bees. The bees had 9.6 6 1.2 (mean 6 SE) perfume orchid compounds (range ¼ 0-35). Three relatively minor compounds were found in only one bee, 15 occurred in .20% of the bees, and three occurred in .50% of the bees.
Aromatic leaves appear to be important sources of perfume orchid compounds for the bees in Florida. Euglossa viridissima males were observed gathering fragrant oils from basil (Ocimum basilicum; see Plate 1) and allspice (Pimenta dioica) leaves. The leaves of an introduced tree, melaleuca, Melaleuca quinquenervia, are apparently also visited because viridiflorol, a compound whose only known south Florida source is this melaleuca, was found in the bee tibia. Our analyses (Fig. 2) indicate that M. quinquenervia leaves have 17 of the 27 perfume compounds in the bee tibia, whereas basil and allspice have 5 and 7, respectively, including many major compounds such as E-b-ocimene and eugenol. Compounds reported from a more detailed analysis of basil leaves (Sacchetti et al. 2004 ) include 14 of the recovered 27 perfume compounds, including methyl (Z ) cinnamate. Analysis of the tibial contents of four bees that collected oils from the sweet basil and globe basil varieties found nine perfume orchid compounds (see Fig. 2 for the chromatograms of compounds extracted from a representative bee tibia and the leaves of sweet basil, allspice, and melaleuca).
Collection of the fragrance oils involved the bee grasping a leaf, and then lightly chewing the margins and/or principal veins, while secreting lipid compounds from their labial glands (Cameron 2004 , Whitten et al. 1989 ) to dissolve the oils, which were mopped up with their capillary tarsal brushes. After 15-30 seconds of extracting compounds from a leaf, the bee would hover and transfer the chemicals to its tibial organs, before landing again to repeat the process, typically for another 15 minutes. During the six times that the bees were observed gathering oils from basil, three occurrences involved several bees making nearly simultaneous collections.
We observed E. viridissima visiting the flowers of 45 species of plants in 18 families in Florida, including 42 to obtain nectar and/or pollen ( Table 1) . Many of the visited plants (Allamanda, Ipomoea, Ruellia, Stemmadenia, Tabebuia, and Tecoma species) have gullet flowers into which the bees crawl to feed, primarily on nectar. Nineteen plants (Begonia, Commelina, Dichorisandra, Tradescantia, Senna [Cassia] ), and Solanum species) were visited by females exclusively for pollen; Senna and Solanum species were buzzed to collect pollen. We observed female bees collecting resin from the flowers of Clusia lanceolata, an exotic ornamental shrub, every day during good weather for several months. The flowers of Clusia species are well-known sources of resin for female euglossine bees (Roubik and Hanson 2004) . Two of the exposed test orchids, one Lycaste cochleata plant exposed for one day and two Sobralia decora plants PLATE 1. Euglossa viridissima, a Mesoamerican orchid bee recently naturalized in Florida, USA. The photo shows a male bee gathering ''orchid'' perfume compounds from a sweet basil (Ocimum basilicum) leaf (note his enlarged hind tibia, which stores collected compounds). Photo credit: R. W. Pemberton. exposed for one day each, were visited. A single bee of unknown gender briefly visited the L. cochleata, but the pollinia were not removed. Female bees visited both S. decora plants, and during one visit, a bee removed a pollinarium, carried it on her thorax for about an hour, and then revisited the plant and pollinated a flower. Lycaste species are visited by E. viridissima in its native area, and Sobralia species are known to be visited by euglossine bees (Roubik and Hanson 2004) . Many Lycaste species are perfume orchids, but Sobralia species are apparently not, because they offer nectar rewards (van der Pijl and Dodson 1969) . The absence of food rewards in perfume orchids probably limits visitors to male euglossine mutualists.
FIG. 1. Perfume compounds collected by male
Euglossa viridissima in Florida, USA, and their occurrence in the bees' orchid mutualists in Mexico and Central America. Absent are mutualist orchids visited by the bees, because either their exact identity or their fragrance chemistry is unknown, including species of Catasetum, Chondrorhyncha, Dressleria, Gongora, Lycaste, Mormodes, and Trichocentrum (Roubik and Hanson 2004) . Many Catasetum and Mormodes species also have the compounds collected by the bee in Florida (Gerlach and Schill 1991) . DISCUSSION E. viridissima is able to live in Florida because it obtains all four types of needed plant resources, including fragrance compounds for males, nectar for energy for both sexes, and pollen and resin for females to construct and provision their brood cells.
Prior to E. viridissima's naturalization in Florida, there has been no opportunity to learn if euglossine bees could live without their orchid mutualists. The observation of male euglossine bees collecting perfume compounds from fungus infected logs (Whitten et al. 1993) , and from non-orchid flowers, as well as the infrequent occurrence of orchid pollinia on trapped bees (Ackerman 1983), led these authors and others (Dressler 1982 , Roubik and Ackerman 1987 , Roubik and Hanson 2004 to question the degree of dependency of these bees on FIG. 2. Gas chromatographic/mass spectrometer (GC/MS) analysis of the contents of a hind tibial storage organ from a representative E. viridissima bee that had visited globe basil (Ocimum basilicum), and potential plant sources of perfume compounds recovered from bee tibia including: 1, a-thujene; 2, a-pinene; 3, sabinene; 4, b-pinene; 5, myrcene; 6, a-terpinene; 7, p-cymene; 8, limonene; 9, 1,8-cineole; 10, (Z)-b-ocimene; 11, (E)-b-ocimene; 12, linalool; 13, terpinen-4-ol; 14, a-copaene; 15, eugenol; 16, agurjunene; 17, b-caryophyllene; 18, a-humulene; 19, germacrene D; 20, d-cadinene; and 21, viridiflorol. their orchids. Although the orchids are completely dependent on the bees for pollination, these observations have raised doubt about coevolution between the bees and the orchids. Our findings demonstrate that an orchid bee can not only survive, but thrive, in the absence of its mutualistic orchids. The uniqueness of perfume orchid fragrances is not in producing unique compounds (Williams 1978) , since biosynthetic pathways for production of these chemicals have evolved in many different plant groups (Roubik and Hanson 2004) , but in the larger amounts and in particular blends that are powerful attractants to the euglossine bees (Gerlach and Schill 1991) . These factors suggest that perfume orchids evolved in response to the bees' foraging for particular volatile chemicals and that coevolution between these bees and their orchids did not occur or was more one-sided than generally assumed.
Our finding that, in Florida, E. viridissima collects a remarkably similar suite of compounds to those occurring in its orchid mutualists in the neotropics strongly suggests that euglossine bees are using species-specific compounds. A recent study (Eltz et al. 2005b) , which found that males of three Euglossa species living in different parts of their geographic ranges collect the same suite of chemicals, also indicates the speciesspecific nature of the scent collection. Although this study can tell us relatively little about the role of E. viridissima in Florida, it could have pervasive ecological effects, because this species is abundant and interacts with many other species. Observed flower visitation suggests that E. viridissima is a potential pollinator of selected native, ornamental, naturalized, and invasive plant species. Pollination of introduced plants that are pollinator limited could increase their abundance and invasiveness (Parker 1997) . This scenario occurred recently with two ornamental figs, Ficus altissima and F. microphylla, in Florida. These figs were sterile, noninvasive ornamentals, which became aggressive invaders following the accidental introduction of their pollinating wasps (Nadel et al. 1992) . The bee may interact with native and exotic pollinators whose presence and behaviors it could alter, as demonstrated by the naturalized honeybee (Roubik 1978) . Potential environmental effects aside, the presence of the bee in Florida and its ability to live independently of perfume orchids changes our understanding of the orchid bee-perfume orchid mutualism.
